Improving energy storage technology is an important means of addressing concerns over fossil fuel scarcity and energy independence.
INTRODUCTION
Hydraulics are widely used for power transmission in the agricultural, industrial, aerospace, mining, and construction sectors. The prevalence of hydraulic systems is due largely to the durability, reliability, high power density, and low cost of their components. Traditionally, energy for hydraulic systems is stored pneumatically in an accumulator, which is a pressure vessel containing a gas volume and an oil volume separated by a piston or bladder. Adding or extracting oil charges or discharges the accumulator by compressing or decompressing the gas.
Traditional hydraulic accumulators are extremely power dense, but offer relatively little energy capacity. Current highperformance composite hydraulic accumulators offer an energy density of about [1] , two orders of magnitude lower than advanced electrochemical batteries or advanced flywheels [2] . This large discrepancy makes it difficult for hydraulic power to compete with other technologies in mobile applications with energy regeneration, where energy density is important.
In addition to being quite limited in energy density, the utility of a traditional hydraulic accumulator is hindered by the fact that its pressure is coupled to the amount of energy stored. Consequently, all hydraulic system components must be sized for the high flow rates that are required to meet power demand at low pressure. The hydraulic flywheel accumulator (HFA) proposed by Van de Ven [3] has the potential to overcome both of the major drawbacks of a traditional hydraulic accumulator, significantly increasing energy storage density while decoupling system pressure from the state of charge (SOC).
The first two sections of this paper describe the general design of the HFA and a simple control strategy to regulate system pressure. In the following section, the mathematical modeling of physical phenomena expected during HFA operation is presented. The last section details the approach and results of a design parameter optimization using a multiobjective genetic algorithm.
Hydraulic Flywheel Accumulator Concept
In the most basic sense, the HFA is a piston-style accumulator that is spun about its axis. Energy is stored both in the pneumatic domain, as in a traditional accumulator, and in the kinetic domain. A variable displacement pump-motor (VDPM) coupled to the closed end of the HFA applies torque in order to add or extract kinetic energy. At the open end, a highspeed rotary union allows oil to flow in and out of the HFA, adding or extracting pneumatic energy. Figure 1 illustrates the concept of the HFA.
FIGURE 1: HYDRAULIC FLYWHEEL ACCUMULATOR CONCEPT [3]
The quantity of energy stored in the HFA at any time is the sum of a pneumatic term and a kinetic term, as shown in Eqn. 1.
(
The first term on the right hand side of Eqn. 1 is an expression for the energy stored in a gas that has undergone isothermal compression (a reasonable assumption for a foamfilled accumulator [4] ). The second term is an expression for the kinetic energy stored in a rotating body. In the case of the HFA, the moment of inertia, , is a function of the amount of oil in the accumulator at the time of interest. Note that increasing the angular velocity of the HFA causes a quadratic increase in the stored kinetic energy without explicitly affecting the mass of the system.
Imposing an angular velocity on the HFA not only increases energy storage density, but also leads to internal fluid phenomena that can be exploited for an additional benefit. A force balance on a fluid element inside the rotating HFA [3] yields a radially-dependent parabolic oil pressure distribution described by Eqn. 2.
(2)
The practical result of this parabolic profile is that the pressure at the center of the accumulator is lower than the average pressure of the accumulator. Consequently, the rest of the hydraulic system experiences a pressure that differs from the average accumulator pressure as a function of angular velocity. While the physics are no different on the gas and oil side of the pistons, the density of the gas is assumed to be low enough that the gas pressure is spatially constant. A static force balance on the piston dictates that the gas pressure must be equal to the average oil pressure. An expression for system pressure (Eqn. 5) is obtained by rearranging the expression for gas pressure (Eqn. 3) and substituting in the expression for isothermal compression (Eqn. 4).
(4) (5) All parameters on the right hand side of Eqn. 5 are constant throughout the HFA operation except for angular velocity and gas volume. It is therefore useful to consider these two variables as fully describing the operating state. From examination of Eqns. 1 and 5, it is easy to see that angular velocity and gas volume can be independently modulated such that system pressure is not simply a function of SOC. Note that charge pressure must be equal to the desired system pressure if constant system pressure is to be maintained over all states of charge.
General Design
One possible method of constructing the HFA consists of a piston-style accumulator comprised of a hollow cylinder (housing) with end caps. A single tie rod runs through the center of the HFA and provides the clamping force between the housing and end caps. Figure 2 illustrates the general design and its five associated design parameters: inner radius, wall thickness, housing length, end cap length, and maximum angular velocity (angular velocity at full SOC).
FIGURE 2: GENERAL HYDRAULIC FLYWHEEL ACCUMULATOR DESIGN WITH FIVE DESIGN PARAMETERS
The major radius of the end cap needs to be only slightly larger than the inner radius of the housing, , in order for the clamped system to function. The end cap radius is therefore approximated as being along the entire length, allowing for simpler mass and inertia calculations. To ensure proper sealing, only a small portion of the end cap must reside inside of the housing. This portion is called the "insertion length", and is chosen conservatively to be , regardless of the design parameter values.
Using a through-center tie rod, as opposed to a set of external tie rods, greatly reduces aerodynamic drag. It also significantly increases the bearing ratio of the piston-cylinder system, thereby reducing the piston length required to maintain concentricity [5] . To ensure smooth translation, the piston length is chosen to be times the radius of the tie rod. Note that the axes of tie rod and the high-speed rotary union are collinear. Consequently, the mechanism by which oil is added or extracted is non-trivial, but is excluded from the present discussion. Details of the mounting system and safety containment, as well as the coupled VDPM and high-speed rotary union, are also outside the scope of this paper. Material selection is discussed in the optimization section.
OPEN-LOOP CONTROL STRATEGY
Because of its impact on HFA performance metrics, a control strategy must be specified before optimizing the five design parameters. This section details the derivation of a simple open-loop control strategy.
Implications of Controlled Variable Modulation
Recall from Eqns. 1 and 5 that system pressure and stored energy are both functions of two variables, angular velocity and gas volume, which can be independently modulated. In the absence of an applied torque, decreasing gas volume tends to increase the system pressure in two ways: (1) Isothermally compressing a gas increases its pressure, and (2) the volume previously occupied by gas is replaced by oil, whose higher density increases the inertia of the HFA. Then, by conservation of angular momentum, the HFA angular velocity decreases. This increases the vertex of the parabolic pressure profile described by Eqn. 2, thereby increasing system pressure.
These phenomena also apply to the inverse scenario; extracting oil from the accumulator tends to decrease system pressure in the same two ways.
It is feasible to devise a control strategy which, during high power events, uses only the pneumatic energy domain. Though this would induce some fluctuation of system pressure, it would allow for downsizing of the HFA VDPM by limiting its peak power. For current purposes, a control strategy is devised for the simpler case where system pressure is strictly regulated at some constant value, . This prevents the introduction of variables that are outside the scope of this paper. Note that, if is kept constant, Eqns. 1 and 5 become coupled, such that and are no longer independent from one another. As such, is arbitrarily chosen as the single variable that fully describes the state of the HFA.
Derivation of Control Equation
Discussion of HFA control takes place within the context of a series hydraulic hybrid passenger vehicle operating in charge-depleting (i.e. engine off) mode. Both the traction VDPM and the HFA VDPM are modeled as having volumetric and mechanical efficiencies.
Tractive flow rate, , is a function of tractive load, , and system pressure, and can be achieved with any ratio of individual flow rates from the kinetic and pneumatic domains. (6) However, only one ratio of flow rates will maintain system pressure exactly at , and this ratio depends on the state of the HFA. Strict control of system pressure, then, is reduced to selecting the appropriate VDPM displacement, . Table 1 summarizes the sign convention for a vehicle acceleration event (i.e. power extracted from the HFA). In addition to the above sign convention, the following assumptions are made. Angular velocity is always positive (the HFA never reverses its direction of spin). Since system pressure is to be kept exactly constant, the HFA never undergoes self-regeneration (i.e. volumetric flow from the kinetic to the pneumatic domain or vice versa). Therefore, flow rates from the kinetic and pneumatic domains always have the same sign, and since they sum to produce total flow rate, the sign of total flow rate is always the same as its constituent flow rates. The same can be said for values of power. Figure 3 defines lengths that are relevant to the proceeding derivation.
FIGURE 3: RELEVANT LENGTHS THAT DESCRIBE THE HFA AND ITS OPERATING STATE
Since the radius of the HFA is a constant, the volume ratio in Eqn. 5 can be replaced by a length ratio. Then, Eqn. 5 can be rearranged such that Eqns. 7 and 8 describe gas length as a function of angular velocity.
Observe from Fig. 3 and Eqn. 8 that charge length, , is the length of the gas volume when no oil is in the HFA.
Consider flow rate from the pneumatic domain, which can be written as (9) where is instantaneous oil volume in the HFA, is oil length (the axial dimension of ), and is radius of the tie rod. Oil length is equal to the difference between the gas length at charge and the current gas length. Equations 10 and 11 are expressions for oil length and its time derivative.
(10) (11) Now consider volume flow rate from the kinetic domain, which, neglecting volumetric efficiency, can be written as (12) Equations 6, 9, 11 and 12 can be combined to produce the following expression for tractive volume flow rate.
(13)
The goal now is to use the derived expression for tractive flow rate (Eqn. 13) to obtain an expression for the control variable,
. In doing so, first consider the two following expressions for torque at the VDPM, which are from the angular momentum and fluid power perspectives, respectively. (14) ( 15) Notice that Eqn. 14 reflects the variable volume of oil in the HFA; the changing mass of the HFA causes its inertia to be a function of time, and therefore both components of torque are differentiated. Also, observe from Eqn. 15 that, as dictated by the sign convention, a negative torque, which extracts kinetic energy from the HFA, is produced by a positive displacement, which produces flow to the traction VDPM.
The total inertia of the HFA can be written as the sum of its constituent parts (housing, end caps, piston, tie rod, and oil).
Since the oil is the only entity with variable inertia, the rate of change of the HFA inertia is (18) Equations 14 through 18 can now be combined to form the following expression that relates angular acceleration to VDPM displacement.
(19)
Of ultimate interest is an expression for D with tractive flow rate and angular velocity as independent variables; this is obtained by solving Eqn. 19 for and substituting it into Eqn. 13. The result can then be rearranged to produce the final expression:
Here, Eqns. 3, 16, and 17, all functions of , have been inserted for brevity.
MATHEMATICAL

MODELING OF PHYSICAL PHENOMENA
This section describes the modeling of several HFA characteristics that are needed to perform an optimization. As the optimization presented in the final section is intended to provide preliminary insight into what an effective design might resemble, the models presented here are considerably simpler than what would be required for a final design validation.
Tie Rod
In the analysis of the tie rod, no details of the threaded length are included, such that the tensile stress area is considered constant. The maximum separating force, , that the end cap experiences is equal to the maximum gas pressure (Eqn. 3 with ) multiplied by the area of the end cap.
The radius of the tie rod is chosen such that imposes a tensile stress equal to the proof strength of the tie rod. This yields the following equation for tie rod radius.
Clamped System
The tie rod, end caps, and housing form a system of clamped members. To prevent loss of clamping force, the relative stiffness of these components is analyzed such that an appropriate initial tightening force can be specified [6] . The housing and the tie rod are assumed to experience uniform axial clamping pressure, allowing the stiffness of each to be easily calculated using length, cross-sectional area, and elastic modulus. However, the end caps are not in pure compression, so their deflection behavior must be examined via a different method.
The end caps are modeled as simply-supported circular plates in bending, where the tie rod is presumed to apply a circular line-load at end cap center hole. Note that this assumption, which is illustrated in Fig. 4 , is more conservative than modeling bolt force as a distributed load. The problem of determining initial clamping force can then be posed as Eqn. 23.
FIGURE 4: MODEL OF END CAP LOADING, OIL SIDE (23)
The parameter , assessed using methods presented by Young [7] , represents the total change in deflection of the end cap centers between assembly and maximum load conditions. Because is a function of , Eqn. 23 must be rearranged if is to be explicitly solved; the above representation of the problem is chosen for brevity. Notice that the maximum expected separating force is multiplied by a liftoff safety factor, . Also note that torque transmission has not been considered in the discussion of clamping force. It assumed, though not explicitly described, that a means of torque transmission is implemented that does not rely on friction between the end caps and housing.
End Cap Stress
In plate bending theory, shear stresses and axial compressive force are assumed to be zero, and bending stresses on either side of the plate are modeled as equal and opposite [8] . Maximum bending of the end caps occurs during assembly, when there is no internal pressure acting to distribute the reaction force to the tie rod across the radius of the end cap. Methods presented by Heap [9] are used to calculate the radial and circumferential bending stress profiles at assembly, and results indicate that stresses are largest at the center hole.
As the ratio grows, shear stresses become important, and the validity of the plate bending model suffers. However, having performed finite element analysis on various end cap geometries, the authors have determined that the plate method is conservative and sufficient for an initial design parameter optimization.
Housing Stress
The housing can be considered a constant-thickness "disk" with a center hole, described by the parameter . Radial and circumferential stresses, each comprised of a pressure and a centrifugal term, vary with radial position. The compressive axial stress due to clamping is presumed to be spatially uniform. Examination of equations presented by Genta [10] indicates that maximum stress occurs at the inner radius. Maximum stress in the housing can then be calculated with the von Mises yield criterion, with Eqns 24, 25, and 26 describing circumferential, radial, and axial stresses at the inner radius of the housing. These equations do not take into account the constraint on radial strain at either end of the housing imposed by the end caps. For simplicity, it is assumed that, in the absence of one another, the end caps and housing experience approximately the same radial strain rate, such that this compatibility condition can be neglected. Torsional shear stress due to angular acceleration is negligible compared to stresses induced by pressure, clamping, and centrifugal force, and is therefore not considered. This assumption is confirmed by calculating maximum HFA VDPM torque during a drive cycle. Fatigue phenomena are also currently omitted from the analysis.
MULTI-OBJECTIVE OPTIMIZATION
The presented mathematical models of the HFA and its associated physical phenomena are used to optimize the five design parameters. This section details the approach and results of the optimization, for which two distinct objectives have been identified. Table 2 lists selected values of several constants used throughout all optimization studies.
TABLE 2: SELECTED VALUES FOR SEVERAL CONSTANTS
Objectives and Constraints
The first objective of the design parameter optimization is to minimize the mass of the HFA, and the second is to minimize the amount of energy extracted from and added to the kinetic domain during a specified drive cycle. Both objective values have been non-dimensionalized such that they have values between and . The first (Eqn. 27) and second (Eqn. 28) objective values will henceforth be referred to as the "mass fraction" and the "kinetic fraction".
(27) (28)
Mass of the HFA, m, is calculated as the sum of the accumulator housing, the two end caps, the piston, and the tie rod. The amount of oil needed to complete a drive cycle is a function of the vehicle characteristics and the drive cycle itself. Oil is therefore omitted from HFA mass calculation, as including it would penalize HFA geometries that store a higher proportion of energy in the pneumatic domain. Auxiliary components such as the shafts, mounting hardware, and containment vessel, are also omitted from the mass calculation, but are assumed to be small compared to total mass.
Minimizing the mass fraction promotes high energy density designs. This has the obvious benefit of decreasing power demand due to reduced vehicle inertia and rolling resistance. Though not explicitly, reducing mass also tends to increase the volumetric energy storage density, leading to more favorable packaging.
Minimizing the kinetic fraction is motivated by the assumption that use of the pneumatic domain will be more efficient than use of the kinetic domain. The authors have established initial models for the high-speed rotary union which indicate that pneumatic charging and discharging losses are quite small. Therefore, conversion to and from the kinetic domain is likely to incur higher losses, primarily due to the inefficiencies of currently available VDPM units.
To evaluate the kinetic fraction, each solution is simulated in the power train of a hydraulic hybrid vehicle performing the well-known EPA Urban Dynamometer Driving Schedule (UDDS) in charge-depleting mode. The HFA begins the drive cycle simulation with a full SOC. Road loads, in the form of aerodynamic drag and rolling resistance, are estimated based on methods presented by Gillespie [11] , and power transmission between the HFA and the road is idealized as lossless. Table 3 summarizes the relevant vehicle characteristics, which have been selected to represent a sedan with a relatively low drag coefficient and small frontal area.
For a solution (set of design parameter values) to be considered feasible, it must satisfy three constraints: (1) SOC must remain at or above throughout the drive cycle simulation, (2) maximum stress in the housing must not exceed , and (3) maximum stress in the end caps must not exceed .
TABLE 3: VEHICLE CHARACTERISTICS FOR UDDS SIMULATION
Mass (excluding HFA) Drag coefficient Frontal area Basic rolling Coefficient Speed rolling Coefficient
Genetic Algorithm
When expressed in terms of the design parameters, the equations involved in evaluating the objective and constraint values are highly nonlinear, although computationally inexpensive. Furthermore, the second objective function does not have continuous derivatives. High nonlinearity and lack of smoothness reduce the effectiveness of gradient-based optimization methods, sometimes to the point of uselessness. These factors, along with the multi-objectivity of the problem and the nonconvex solution space, motivate the use of metaheuristics. Because of its robustness and relatively straightforward implementation, a genetic algorithm is selected as the optimization technique.
A genetic algorithm is commenced by creating an initial population of potential solutions with randomly selected design parameter values. The parameter values are converted to binary representation and concatenated to form objects that are analogous to chromosomes. A series of operations is then performed on this population of chromosomes to simulate genetic recombination and mutation. The resultant offspring chromosomes are converted back to real value representation, such that objective values can be calculated via Eqns. 27 and 28. This process is repeated for some specified number of generations.
Unlike a single-objective optimization, a multi-objective optimization does not yield one uniquely optimal solution. Instead, it finds a set of Pareto-optimal solutions, none of which is dominated by (i.e. inferior to, with regard to both objectives) any of the others in its generation. It is then the task of the designer to make an intelligent selection from the Paretooptimal set. The specific strategy used in this study is the NSGAII [12] . This is an "elitist" genetic algorithm, where the parents in each generation are evaluated alongside and compete with their offspring, and the "best" half of this double population is chosen to constitute the parents for the next generation. This technique ensures that optimal solutions are not lost.
Constraints are enforced while comparing each solution for domination over every other solution. Any infeasible solution is prohibited from dominating any feasible solution, regardless of the objective values. When comparing two infeasible solutions, one dominates the other if it has violated constraints to a lesser extent. This constraint-handling method is superior to outright rejection of infeasible individuals [13] , which can kill off genes that might eventually comprise an optimal solution.
Lower bounds are placed on all design parameters only to avoid geometrically infeasible solutions. While upper bounds on all design parameters are also used, those enforced on radius, wall thickness, and end cap length are redundant; stress constraints and minimization of mass tend to keep these dimensions small. The upper bounds on housing length and maximum angular velocity, on the other hand, do become active for some solutions. Multiple studies are carried out by varying these upper bounds in order to observe their effect on optimized solutions. Table 4 summarizes the selected lower and upper bounds on the five design parameters.
TABLE 4: SELECTED LOWER AND UPPER BOUNDS ON DESIGN PARAMETERS
Lower bound Upper bound Units
Note that the upper bounds on housing length and angular velocity are enforced for different reasons. Some upper bound on housing length must be enforced such that the optimization converges on energy-dense solutions in a reasonable amount of time. In contrast, stress constraints naturally enforce an upper bound on angular velocity (the value of which depends on material properties and other design parameter bounds), so the optimization converges reasonably quickly regardless of an explicit upper bound. The purpose of an upper bound on maximum velocity, then, is to reflect practical limits that might be taken into account when designing for a specific application. These limits stem from bearing and VDPM capabilities, dynamic stability issues, and viscous loss in the rotary union.
The relatively low computational intensity of the objective and constraint value calculations allows for a comprehensive optimization. For each study, five thousand generations are run with 60 individuals per generation, promoting thorough exploration of the solution space and convergence to the true Pareto-optimal set of solutions. Table 5 provides a summary of several relevant genetic algorithm parameters. 
Results
The most general results of any two-objective optimization can be gleaned by examination of the Pareto-optimal front, a two dimensional plot of the solution set with each axis corresponding to an objective value. Because the present optimization aims to minimize both objective values, a Paretooptimal front nearer to the origin indicates more desirable HFA characteristics. While the Pareto-optimal front does not explicitly reveal anything about design parameter values, the following is generally true for all cases discussed in this paper. Solutions near the upper-left end of a Pareto-optimal front approach disk-style pure kinetic flywheels, characterized by short housings, small inner radii, thick walls, and high maximum angular velocities. Conversely, solutions near the lower-right more closely resemble pure hydraulic accumulators, with long housings, large radii, thin walls, and low maximum angular velocity. Naturally, energy density increases from lower-right to upper-left. As a result of the first optimization objective and the constraint on SOC, all Pareto-optimal solutions store only enough energy to complete one UDDS.
To investigate the effect of housing strength-to-density ratio, a an optimization is performed using each of the materials listed in Table 6 [14, 15] . For all cases in this material selection study and in proceeding studies, the end caps are ASTM-A709 Grade 690 steel, the piston is aluminum, and the tie rod is an SAE class 12.9 fastener. The upper bounds on housing length and maximum angular velocity are and ( ), respectively.
While the former bound clearly permits unacceptably long HFA designs, it allows for a rather complete picture of Pareto-optimal tendencies without sacrificing the purpose of material comparison. Figure 5 , which shows the Pareto-optimal fronts for each of the four housing materials, indicates that housings with higher strength-to-density ratios yield superior HFA performance with respect to both objective values.
Using a thin wall at a large radius allows for a high inertiato-mass ratio, but this combination can only be implemented with a high strength material. This is because (1) a large radius increases both internal pressure (Eqn. 2) and centrifugal force, and (2) a thin wall increases the magnitude of the circumferential stress profile (Eqn. 24). A mass-efficient inertia and a low density material allow for a longer housing, which leads to a larger amount of stored pneumatic energy.
The phenomena above explain why the energy density of a steel HFA is quite low unless it is designed as a nearly pure kinetic flywheel. For example, the results of the material study indicate that, to achieve an energy density of (twice that of traditional hydraulic accumulator storage) using a steel housing, about of energy must be stored in the kinetic domain. This value decreases to for an aluminum housing, for titanium, and for carbon fiber composite.
FIGURE 5: PARETO-OPTIMAL FRONTS FOR FOUR SELECTED HOUSING MATERIALS
It should be noted that carbon fiber composites exhibit anisotropic material behavior (the values listed in Table 6 correspond to the properties in the direction of the fibers). As the stress models presented in the previous section do not account for anisotropy, choosing carbon fiber for a final design would require more detailed consideration of material behavior and manufacturing nuances.
The aluminum and titanium alloys, on the other hand, are both compatible with the stress model and, according to the material selection study, are capable of providing a geometrically diverse set of energy dense solutions. Because of its superior performance, the titanium alloy is chosen as the housing material for further analysis.
To illustrate the effect of the upper bound on housing length, Fig. 6 shows two Pareto-optimal fronts -one with a upper bound and one with a upper bound. Both have a upper bound on maximum angular velocity. Figure 6 reveals that a less restrictive upper bound on housing length allows more favorable kinetic fractions over some range of mass fractions. In the high energy density region (upper-left), solutions are not limited by the bound on housing length, so the two Pareto-optimal fronts are superimposed. Housing length is at . Below this kinetic fraction, for the less-restricted set of solutions, a lower kinetic fraction can be achieved by further increasing housing length. For the solutions that are limited to , however, a lower kinetic fraction must be achieved by increasing inner radius. To keep housing stress within acceptable limits, this increase in radius is accompanied by a decrease in maximum angular velocity. In other words, energy density is decreased due to added mass and reduced angular velocity, whereas in the lessrestricted solution set, energy density is decreased only due to added mass. To produce solutions that are viable for packaging in a passenger vehicle, an upper bound of is imposed for the remainder of presented optimizations.
FIGURE 6: COMPARISON OF PARETO-OPTIMAL FRONTS FOR TWO DIFFERENT UPPER BOUNDS ON HOUSING LENGTH
One must look further than the Pareto-optimal front in order to gain insight into actual HFA designs. In The solution set presented in Fig. 7 can be described as a progression from low to high energy density. The least energydense solution contains about kinetic energy and makes up about of total vehicle mass. Its low kinetic fraction is accomplished by using the maximum allowable housing length and a large inner radius to store as much pneumatic energy as possible. Small wall thickness reduces HFA mass and is acceptable because of the low maximum angular velocity.
Beyond the least energy-dense solution, there are three distinct design regimes, each of which sees energy density increase due to a different combination of design changes. In the first regime, from the least energy-dense solution to about , energy density is increased by exchanging inertia for angular velocity. Maximum angular velocity increases, inner and outer radii decrease to keep housing stress just below its limit, and housing length is reduced as more energy is stored in the kinetic domain.
Maximum angular velocity reaches its upper bound near , marking the transition to the second regime. Here, energy density is increased by using larger inner and outer radii, while housing length continues to decrease. Larger radii increase the inertia of the housing by adding mass and concentrating the mass further from the axis. The outer radius increases faster than the inner radius, such that the wall thickness grows, continuing to keep housing stress just below its limit. Note that end cap volume increases with the cube of the inner radius, as its thickness must increase roughly linearly with the inner radius to curb bending stress.
The final regime begins near , where the dense end caps have begun to make up such a large portion of HFA inertia that it becomes detrimental to the mass fraction to continue increasing inner radius. Instead, energy density is increased by sharply increasing wall thickness as inner radius and housing length gradually decrease. In this way, the inertia is made more mass-efficient, increasingly dominated by a lessdense material at a larger distance from the axis of rotation. As wall thickness is now driven by demand for inertia rather than material strength considerations, housing stress begins to drop below its limit. Note that the beginning of this trend coincides with the inflection point in the curve; in a sense, this regime marks the transition from HFA to pure kinetic flywheel.
FIGURE 7: (a) OBJECTIVE, (b) DESIGN PARAMETER, AND (c) CONSTRAINT VALUE TRENDS AS FUNCTIONS OF ENERGY DENSITY, TITANIUM HOUSING, 18 kRPM UPPER BOUND ON ANGULAR VELOCITY
For different upper bounds on maximum angular velocity, the design variables in the solution set qualitatively follow the same trends shown in Fig. 7 . The only notable difference is that the design regimes transition at different values of energy density. Figure 8 shows the Pareto-optimal fronts for five different upper bounds on angular velocity, all with a upper bound on housing length. Notice that the lower-right ends of all Pareto-optimal fronts converge to the same solutions. This convergence occurs because the solutions are not speed-limited in this region (recall that the lower-right region of a Paretooptimal front represents lower angular velocity solutions). In the speed-limited region, however, it is clear that permitting higher angular velocities yields solutions that are superior in both objective values.
FIGURE 8: PARETO-OPTIMAL FRONTS, TITANIUM HOUSING, FIVE DIFFERENT UPPER BOUNDS ON MAXIMUM ANGULAR VELOCITY (ANNOTATIONS IN KRPM), 2 m UPPER BOUND ON HOUSING LENGTH
To understand why this is the case, consider solution (see Fig. 8 ) from the set, which lies in the third design regime (speed-limited but not stress-limited) and has objective values and . Solution , from the set, has the same mass fraction as solution ; solution , also from the set, has the same kinetic fraction as solution . Solution spins faster at full SOC than solution and has an inner radius that is smaller. The higher angular velocity produces a similar amount of stored kinetic energy with a smaller inertia, thereby permitting a housing that is nearly four times as long with walls that are thinner. These are the primary design differences that let solution have nearly quadruple the pneumatic energy capacity and an lower kinetic fraction than solution , even though their energy densities are equal.
Whereas solution utilizes a marginally higher angular velocity than , solution takes full advantage of its upper bound. This allows all dimensions to be reduced -inner radius by , wall thickness by , and housing length by -resulting in a mass fraction lower than solution , even though their kinetic fractions are equal. Comparison of solutions , , and help illustrate why no solution in a particular set is dominated by any solution in a set with a lower bound on angular velocity.
The three solutions discussed above were chosen arbitrarily; in reality, simple consideration of the Pareto-optimal fronts helps facilitate an intelligent design choice. For example, if the bearings to be used are rated for and the HFA VDPM is expected to be relatively inefficient, the solution from Fig. 8 with and might be suitable. This design has a radius, wall thickness, housing length, and a maximum speed of . Its mass is about ( ), yielding an energy density of about . Note that this solution lies on the boundary between the first and second design regimes. There is little incentive to choose a design further into the second regime (up the near-vertical section of the curve in Fig. 8) , as a minimal reduction in mass fraction comes at the expense of a large increase in the kinetic fraction.
Consider, on the other hand, the case where components are capable of operating at , minimizing HFA mass is a primary goal, and the HFA VDPM is known to be quite efficient over a large range of displacements. In this situation, it may be appropriate to choose a solution some distance up the steep portion of the curve, as its slope is somewhat milder than that of the curve, and the highly-efficient motor reduces the importance of the second optimization objective. The solution from Fig. 8 at and offers a reasonable choice; it has a inner radius, wall thickness, housing length, and a maximum speed of . Its mass is ( ), and its energy density is .
CONCLUSIONS
Previous works studied the basic concept of the hydraulic flywheel accumulator. This paper has built on that work by specifying a general design, developing basic models that describe the associated physical phenomena, deriving a simple open-loop control strategy to maintain constant system pressure, and optimizing the five HFA design parameters.
A high strength and low density housing, along with a high maximum angular velocity, tend to produce the most desirable HFA characteristics. Titanium, in particular, is a promising housing material; for an HFA with a kinetic fraction of less than , even when speed is limited to , energy density can be nearly tripled ( ) over traditional accumulator storage. If speed is allowed to reach , energy storage density is more than quadrupled ( ) for an HFA with a kinetic fraction. Future work will focus on developing accurate models for all energy loss mechanisms associated with the HFA. These include friction and windage; viscous, leakage, and charging losses in the high-speed rotary union; VDPM losses; viscous dissipation in the oil volume due to angular velocity transients; and, if the HFA is enclosed in a vacuum chamber to reduce windage, vacuum pumping power. With a set of robust energy loss models, the second optimization objective can be chosen to minimize total energy consumed instead of the kinetic fraction.
To obtain more reliable optimization results, stress models for the housing and the end caps will be further developed. Using insights from optimization, details of the HFA design and construction will also receive an increasing amount of attention. Greater sophistication of stress models, design details, and energy loss models will guide the design of a prototype to facilitate proof of concept.
